Whether we are riding in a car or walking, our internal map of the environment must be continuously updated to maintain spatial constancy. Using a memory eye movement task, we examined whether nonhuman primates can keep track of changes in the distance of nearby objects when moved toward or away from them. We report that memory-guided eye movements take into account the change in distance traveled, illustrating that monkeys can update retinal disparity information in order to reconstruct three-dimensional visual space during motion in depth. This ability was compromised after destruction of the vestibular labyrinths, suggesting that the extraretinal signals needed for updating can arise from vestibular information signaling self-motion through space.
Introduction
In our daily lives, we continuously interact with our environment in a manner that requires us to keep track of object location relative to ourselves. It is thus important that the brain not only constructs and stores internal representations of the physical world, but also that it continuously updates this stored spatial representation as we move. For example, human subjects and nonhuman primates can accurately direct their eyes to remembered targets that are no longer in view, even after gaze has deviated away from its initial position at the time of visual target presentation. This process of keeping track of the eccentricity and direction of objects around us, even in the absence of new visual information, is often referred to as "visuospatial updating" and has been studied extensively during eye movements (Hallett and Lightstone, 1976 Accurate saccades to world-fixed targets can also be elicited after intervening rotations and lateral displacements of the head and/or body that change the relative orientation of gaze with respect to the object of interest (Baker et Updating spatial direction, however, is only one aspect of maintaining a stored representation of the external world; updating relative depth and distance constitutes another important requirement for spatial constancy. For example, whenever we experience selfmotion during walking, running, riding a bike, or driving a car, not only the eccentricity and direction but also the object's distance from ourselves must also be continuously adjusted using extraretinal information related to body displacement through space. Despite the many studies that have characterized the ability to update target direction, it remains unknown whether humans and monkeys can update egocentric distance. Unlike updating for spatial direction, which is thought to involve "remapping" of a retinotopic map of visual space (Goldberg and To test whether spatial memory accounts for changes in traveled distance, we trained three monkeys to make memory-guided eye movements in response to previously flashed targets after being passively moved toward or away from them. The use of passive motions ruled out motor efference as a source of the updating information, thus allowing for an examination of sensory vestibular information as potential extraretinal cues for spatial constancy. By comparing these memory-guided eye movements made during motion trials with the eye movements made in randomly interleaved stationary control trials, we found that monkeys compensated for the traveled distance by incorporating extraretinal depth motion information, likely arising from vestibular information signaling self-motion through space. The latter hypothesis was directly confirmed by showing that this ability was compromised after destruction of the vestibular labyrinths. These results demonstrate not only that monkeys can update retinal disparity information but also that intact vestibular motion cues are critical in reconstructing three-dimensional visual space during motion in depth. In "motion" trials, the monkey was passively moved 5 cm forward or backward (17/12 cm, 17/22 cm, 27/22 cm, and 27/32 cm) during the delay period while maintaining fixation on the head-fixed central target in an otherwise totally dark room (Figure 2A ; see Experimental Procedures). Interleaved with these motion trials were stationary runs, which were performed at the corresponding initial ( Figure 2B ) and final ( Figure  2C ) motion task positions. For stationary trials, the required change in vergence was specified exclusively by visual cues (retinal disparity, blur). In contrast, the motion trials changed the relative distance of the target and thus dissociated the required change in vergence angle from the retinal disparity of the flash. If solely visual cues were used to specify flash location in shortterm spatial memory, then vergence angle in the motion trials should change similarly as in the initial position stationary trials (memory vergence in Figure 2A should be the same as in Figure 2B ; bottom traces).
Results

Basic Observations
Alternatively, if the distance traveled was continuously monitored using extraretinal motion cues, then the stored relative distance of the flash should be updated, such that the vergence angle change for motion trials should be similar to that for final position stationary trials (memory vergence in Figure 2A should be the same as in Figure 2C ; bottom traces). As shown in Figure 2A , the vergence eye movement at the end of the memory period (shaded area) was more similar to that of the final position rather than the initial position stationary task, suggesting that the distance traveled by the animal was taken into account when programming the memory eye movement. 
Extrapolation to Novel Conditions with No Visual Feedback
Because animals were extensively tested with these tasks in the presence of visual feedback (the peripheral target was turned back on during interval 5, see Figures 1 and 2), it is possible that this ability simply reflected learned correlations between each condition. Thus, to verify that these results reflect an online sensorimotor transformation, rather than an arbitrary stimulus-response mapping, data were also collected in additional blocks that included novel (oblique) targets and novel (3 cm) displacements. These novel motion trials included 15/10 cm, 15/12 cm, 15/18 cm, and 15/20 cm displacements, randomly interleaved within the corresponding stationary runs. Importantly, these tasks were performed in the absence of visual feedback (i.e., the peripheral target was not turned back on at the end of the trial; thus, the animal never experienced the error in foveating the target).
Mean (±SEM) memory vergence responses for the novel 3 cm displacements (15/12 cm and 15/18 cm) have been plotted, along with data from the corresponding initial and final stationary conditions in Figure  5A . Vergence eye movements during the 15/12 cm (green traces) and 15/18 cm (cyan traces) motion trials were different from each other and from the 15 cm stationary trials (blue traces). Furthermore, the memory vergence changes for the 15/12 cm and 15/18 cm displacements were closer to those for the respective Once data for these novel motion conditions were collected in the absence of visual feedback, we repeated these experiments with the memory target turned back on at the end of the trial. These additional blocks were done to directly compare whether visual feedback altered the relative vergence difference between motion and stationary trials. Adding visual feedback changed the magnitude and time course of memory vergence responses, but not the relative difference between motion and stationary trials. As illustrated in Figure 5B , which plots the same conditions as those shown in Figure 5A albeit now in the presence of visual feedback, the relative differences between motion and stationary trials remained similar to those observed without visual feedback. propriately to compensate for the imposed movement. Thus, to program the eye movement, the brain clearly did not rely solely on retinal disparity information at the time of the flash, but took into account the intervening motion.
Origin of Extraretinal Information for Spatial Updating in Depth
Unlike active movements, extraretinal information in our experiments can arise neither from self-generated cues nor from an efference copy of the motor command. Thus, the passive head and body displacements used here leave the vestibular system as the most likely sensory source for motion-related information. To directly test the hypothesis that extraretinal signals necessary for updating vergence eye movements during these depth motion tasks arise from the activation of otolith afferents, we tested two of the trained animals (M1 and M3) with the original task (17/12 cm, 17/22 cm, 27/22 cm, and 27/32 cm) one week after bilateral destruction of both vestibular labyrinths (cf. Table 1 . Although only the Motion -Final Position (but not the Motion -Initial Position) percent differences were statistically indistinguishable from zero in the intact animals (as expected for accurate updating; Figure  8A ), the reverse was true in the lesioned animals ( Figure  8B ; see Table 1 ). Therefore, labyrinthine lesions eliminated the animals' ability to adjust vergence according to the interleaved motion, suggesting that intact vestibular signals are critical for providing the necessary motion cues for spatial updating during motion in depth.
Discussion
By comparing the vergence eye movements made during a motion task with those in stationary control experiments, we have shown that monkeys can compensate for the traveled distance in depth using extraretinal motion-related information. For the passive displacements (Gnadt and Mays, 1995) , the process of visuospatial remapping may operate not just in the frontoparallel plane but also in depth. The results of these experiments suggest that to update either retinal (disparity)-derived depth or distance-related information, the brain has to integrate self-motion-related information that arises from the vestibular system. A neural basis for such integration might be found in either parietal or frontal visuomotor neurons with three-dimensional receptive fields (Gnadt and Mays, 1995) .
Experimental Procedures Animals
Three rhesus monkeys (M1, M2, and M3) chronically implanted with a head ring and scleral eye coils in both eyes (details for these procedures can be found in Angelaki, 1998; Angelaki et al., 2000) were used to study spatial memory updating during passive head and body motion in depth. All surgical procedures and animal handling were in accordance with institutional and National Institutes of Health guidelines. For the motion task ( Figure 1A ), animals were passively moved toward or away from the target array during the delay period (Figure 1B, interval 3) such that the spatial location of the memory eye movement goal differed from the location of the flash. The motion lasted 0.5 s (with a peak acceleration of 2.5 m/s 2 ) and was completed before the central fixation target was turned off. Because animals were required to continue fixating the central, head-fixed LED (in an otherwise totally dark room) during motion, they suppressed the vestibule-ocular reflex. For the stationary task ( Figure  1B) , monkeys made memory-guided eye movements while stationary in space (using the same targets and initial/final positions as in motion trials). Because the required memory eye movement was toward the location of the flash and no updating was required, these stationary trials served as controls to evaluate the updating capacity for the respective motion trials. While retinal disparity information alone is sufficient to specify the memory eye movement during stationary trials, extraretinal motion cues would be necessary to update the memorized spatial target location during motion trials. 
Data Acquisition
Behavioral Monitoring
Experimental Protocols
Monkeys were trained to perform these tasks in the presence of visual feedback (interval 5) for several months, using the four cardinal targets and 5 cm movement amplitude, resulting in the following distance/motion combinations: 17/12 cm, 17/22 cm, 27/22 cm, and 27/32 cm. Once trained, behavior was also tested to other novel target, distance, and motion combinations. Specifically, on separate experimental blocks, we tested the ability to generalize this task to the four oblique peripheral targets during interleaved motion/stationary trials using the following distance/ motion combinations: 15/10 cm, 15/12 cm, 15/18 cm, and 15/20 cm. To verify that a trial-by-trial sensorimotor transformation (rather than an arbitrary stimulus-response mapping) was performed during these spatial memory tasks, data for this task were first collected in the absence of visual feedback (without the reillumination of the target, interval 5).
Finally, to demonstrate directly whether vestibular signals were important for these tasks, the vestibular labyrinths were lesioned bilaterally in two of the monkeys (for details of these procedures, see Angelaki For this, data from several blocks of interleaved 17/12 cm, 17/22 cm, 27/22 cm, and 27/32 cm motion/stationary tasks were collected during the week prior to the operation, using a slight modification of the task outlined in Figure 1 . Specifically because we wanted to investigate how accurate these eye movements were before and after labyrinthectomy, and in order to avoid excluding runs in which memory performance was poor, no behavioral window was imposed for the memory period during these prelesion and postlesion blocks. Thus, all runs in which the monkeys successfully ignored the flash and refixated the memory target after it was relit were rewarded and saved for offline analysis. The animals were retested with an identical task 1 week after the operation.
Data Analyses
Offline a semiautomatic procedure was used to identify saccades when eye velocity exceeded (or fell below) 25°/sec (for details, see Li et al., 2005) . For each experimental run, two sets of values were computed by averaging eye position over 20 ms time intervals: (1) The initial fixation was computed 50 ms before the head-fixed target was turned off; (2) the memory eye position was computed 50 ms before the reillumination of the memory target (i.e., 950 ms after the eyes were within the specified memory windows; see above). The changes in horizontal version (direction) or vergence (depth) of eye position following the memory-guided eye movement were then calculated as the difference between memory and initial fixation positions. For the novel condition experiment without visual feedback, these values were manually determined during visual inspection of each trial. Relationships between independent variables (e.g., Figure 4) were quantified using linear regressions, obtained by minimizing the perpendicular offset of the data to the line (using a nonlinear least-squares algorithm based on the interiorreflective Newton method). The 95% confidence intervals were computed using bootstrapping with replacement. Other comparisons between variables were made using analysis of variance (AN-OVA), multivariate analysis of variance (MANOVA), or analysis of covariance (ANCOVA).
